Starting from the type IIB string on the Z orbifold, we construct some chiral open-string vacua with N = 1 supersymmetry in four dimensions. The Chan-Paton group depends on the (quantized) NS-NS antisymmetric tensor. The largest choice, SO(8) × SU (12) × U (1), has an anomalous U (1) factor whose gauge boson acquires a mass of the order of the string scale. The corresponding open-string spectrum comprises only Neumann strings and includes three families of chiral multiplets in the (8, 12 * )+(1, 66) representation. A comparison is drawn with a heterotic vacuum with non-standard embedding, and some properties of the low-energy effective field theory are discussed.
Introduction
Calabi-Yau (CY) compactifications of the type IIB string yield N = 2 supergravity in four dimensions with h (1,1) + 1 hypermultiplets and h (1, 2) vector multiplets, and are naturally related via a world-sheet orbifold procedure [1] to four-dimensional open-string vacua with N = 1 supersymmetry. At rational points of their moduli spaces, many CY compactifications have microscopic descriptions as Gepner models, tensor products of N = 2 superconformal models [2] . Both these models and N = 1 superconformal models of free fermions [3] are often related to orbifolds of tori [4] by continuous deformations. Open descendants of rational models have been studied rather extensively in six dimensions [5, 6, 7] , and have displayed a variety of new interesting phenomena [8] . The simple rational setting of [5] , however, is not convenient to explore the four-dimensional models, since typical rational lattices involve (quantized) background values of the NS-NS antisymmetric tensor that reduce [9] the size of the Chan-Paton (CP) group. Therefore, in this letter we return to the original setting of [10] , essentially equivalent to [6] , and construct chiral four-dimensional models related to the type IIB string on the Z orbifold. For notational simplicity, in all amplitudes we omit measure factors and contributions inert under the GSO projections.
The Z Orbifold and the Type I Superstring
In order to construct the open descendants of the type IIB superstring on the Z orbifold, let us briefly recall the building blocks of the original construction of [4] . One starts from the compactification on a six-torus consisting of three orthogonal copies of a twodimensional hexagonal lattice with scalar product
The corresponding type IIB partition function is
where V 8 and
G ab n b and q = e 2πiτ . As anticipated, we begin with a vanishing NS-NS tensor B in order to obtain a CP group of maximum size.
The Z orbifold construction uses the natural Z 3 action on the three complex internal
, that results in a total of 27 fixed points. In particular, the projection of the untwisted sector may be expressed in terms of
with ǫ = 0, ±1, while the twisted sectors may be expressed in terms of
Maintaining N = 2 space-time supersymmetry in the type IIB superstring requires that twists on internal bosonic coordinates, X i , be properly correlated with twists on internal world-sheet fermions, ψ i [4] . The level-one SO(8) characters V 8 and S 8 associated to the transverse world-sheet fermions are thus to be decomposed with respect to SO(2)×SU(3)×U (1) . To this end, it is convenient to introduce the level-one SU(3) characters {χ 0 , χ + , χ − }, of conformal weights {0, 1/3, 1/3}, and to define the supersymmetric characters {A 0 , A + , A − }, of conformal weights {1/2, 1/6, 1/6}. The ten-dimensional GSO projection then translates into , as
The spectrum of the "parent" type IIB string on the Z orbifold can thus be extracted from the torus amplitude
where
The massless untwisted states comprise the N = 2 supergravity multiplet, the universal dilaton hypermultiplet and 9 additional hypermultiplets. The twisted sectors account for 27 hypermultiplets, one for each fixed point. Thus, the massless spectrum corresponds to a CY compactification with Hodge numbers h In constructing the open descendants, one starts by halving the torus amplitude of eq.
(2.7). Since the Z 3 action of the target space twist is L-R symmetric, the Klein-bottle amplitude is The twisted sector of the world-sheet orbifold, to be identified with the open-string spectrum, starts with the annulus amplitude
where N , M,M are CP multiplicities. The Möbius amplitude presents some subtleties connected with the proper definition of a set of real "hatted" characters [5] . Since both the twisted sectors and the projections of the untwisted sector are independent of the moduli R i , it proves convenient to exploit the enhanced SU (3) 3 symmetry at the rational 
, that simply interchangesΞ 0,ǫ andΞ −ǫ,0 . One may then verify that
completes the open sector of the spectrum, while the three vacuum-channel amplitudes K,Ã andM are compatible with factorization. Demanding that unphysical massless states decouple from the transverse channel leads to the two tadpole conditions 3 The Anomalous U (1)
As pointed out in [12] , the U(1) anomaly translates into a Higgs-like mechanism that gives the U(1) gauge field a mass of the order of the string scale M s . Denoting by tr the trace in the fundamental representation, the anomaly six-form is
where F , F 12 and F 8 are field strengths of U (1), SU (12) and SO (8) . The resulting consistent anomaly is canceled by a Green-Schwarz mechanism induced by L GS = B ∧ F and by the Chern-Simons coupling
It is convenient to perform a duality transformation, turning B µν into a pseudo-scalar axion β, and combine it with the dilaton φ into a complex scalar S = β + ie −2φ . In the heterotic string, at tree level S describes a non-linear σ-model on the coset SL(2, R)/U (1) with Kähler potential K = − log(S −S) and enters the gauge kinetic function f ab = Sδ ab [14] . Gauging the holomorphic isometry generated by ∂/∂β leads to the coupling ∂ µ β → D µ β = ∂ µ β + kA µ , and the gauge variation of β, δβ = −kα, qualifies it as a Stückelberg field. The supersymmetric completion of these couplings is simply K = − log(S−S+ikV ).
In compactifications of the SO(32) heterotic string with standard embedding, the (generically) anomalous spectrum of U (1) charged particles as well to the U(1) gauge field [12] . Other would-be axions cannot acquire couplings similar to β because of non-renormalization theorems [12] .
Although it is reasonable to expect that anomaly related terms in the effective lagrangian turn into one another under heterotic -type I duality [15] , the simple strong -weak coupling duality φ I = −φ H in d = 10 [17] (that would already affect the loopcounting arguments of [12] ) changes deeply in lower dimensions. Indeed, since the dilaton belongs to the universal sector of the compactification, the relation between the heterotic and type I dilaton in d dimensions is determined by dimensional reduction to be
is the internal metric in the heterotic-string frame, and there is a crucial sign change at d = 6. The independence of φ H and φ I in d = 6 is not a surprise [13] . From the rational construction of [5] , as well as from the orbifold approach in [6, 7] , it is well known that type I models exist with different numbers of tensor multiplets, a setting with no analogue in perturbative heterotic compactifications on K3. Moreover, open descendants of type IIB Gepner models lead naturally to low-energy spectra without tensor multiplets [16] . In these cases the dilaton belongs to a hypermultiplet to be identified, on the heterotic side, with one of the moduli of the K3 compactification. In four dimensional N = 1 models, the dilaton lies in a linear multiplet on both sides, and heterotic -type I duality appears to be related to chiral -linear duality. The presence of an anomalous U(1)
suggests that R-R fields, that flow in the transverse channel and can thus take part in a generalized Green-Schwarz mechanism [8] , correspond to charged scalars on the heterotic side.
A Candidate Heterotic dual
In order to substantiate these arguments, we now construct a heterotic model with (al- (12) and by ξ m the N = 2 superconformal characters defined before eq. (2.6), one finds the
Embedding the Z 3 twist in the Z 12 center of SU (12) 
Low Energy Interactions
One can easily compute the β functions of the SO(8) and SU (12) representations of the CP group, the cubic superpotential for the charged matter fields is fixed by gauge symmetry to be
The Yukawa coupling y is a constant, independent of the moduli fields of the closed-string spectrum, since the matter fields belong to the untwisted sector of the Z orbifold [19] .
The manifest global SU(3) symmetry is expected to be broken by higher-order terms, that we neglect for the time being. The other renormalizable interactions are encoded in the D-terms. Denoting by A i and F i the v.e.v.'s of the scalar fields in the chiral multiplets χ and Φ and assuming minimal kinetic terms, one gets
for the anomalous abelian factor,
for SO (8) , where A = 1, . . . , 28 and T A are generators in the vector representation, and The condition D = 0 is not to be imposed, because of the one-loop Fayet-Iliopoulos Dterm. For one family, similar problems have been studied in the literature [18] . In our model with three families, with no loss of generality one can set
where Non-perturbative effects are expected to generate corrections to the tree-level superpotential. Instanton calculus in the original SU (12) is not adequate in this case since [18] . Holomorphy, symmetry arguments and limiting behaviors, however, are powerful tools to constrain the low-energy effective lagrangian [20] . In particular, the appearance of the SU(12) gauge singlet chiral multiplets U = χΦ 2 , already present in the tree-level superpotential, as well as V = χ 30 Φ 24 , expected in the dynamically generated superpotential, seems unavoidable. Other composite chiral fields, as well as real superfields, may be needed to gauge part of the original flavor symmetry and to achieve a consistent low-energy description [20] .
Comments
Let us discuss the effect of a quantized NS-NS antisymmetric tensor background, B ab , in the orbifold planes. The quantization condition, related to the requirement of leftright symmetry in the toroidal compactification, was discussed in [9] , where it was found that a B ab of rank r reduces the CP multiplicity to 32/2 r 2 . Up to now, in order to keep the CP group as large as possible, we have discarded this possibility. However, it is simple to construct a rational model based on the Z 3 orbifold of the E 6 maximal torus [21] , that requires a B ab with r = 6. The type IIB parent theory is built out of 27 Phenomenological prospects for type I vacua where not among the purposes of this work. It is conceivable, however, that some chiral type I vacuum may accommodate the standard model of particle physics. The natural appearance of three generations in the Z 3 case is rather amusing in this respect, and the symmetry breaking pattern along flat directions is very rich. Thus, one may embed a phenomenologically more appealing SU (5) in the SU(12) factor of the CP group. However, it seems rather difficult to get rid of the remaining SO (8) and to obtain a minimal spectrum of 10's and 5 * 's.
